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AERONAUTICS

A SLENDER

SUMMARY

An experimental investigation to determine the aerodynamic
characteristics of a slender body of revolution having a conical fore-
body and a cylindrical after%ody was conducted.in the NACA Lewis 2- by
2-foot supersonic wind tunnel. Pressure distributions, viscous drag,
and three component forces were measured at a Mach number of 3.85 for
an angle of attack range of O0 to 10° and for a Reynolds nuaiberof
3.85X106.

.

The experimental pressure distributions due to angle of attack on
the bottom surface of the conical forebody of the model agreed well with
theory for small angles or attack. On the top surface of the model,
experiment and theory agreed very well oh the conical forebody. For the
cylindrical after%ody, however, the agreement was good only for small
angles of attack. The base-pressure coefficient increased and then
decreased as th’eangle of attack was increased. The msxtium base-pressure
coefficient was obtained at about 4° angle of’attack.

A breakdown of the measured total drag into its components at zero
angle of attack showed that the fore-pressure drag was 34 percent, the
base-pressure drag was 40 percent, and the skin-friction drag was
26 percent of the total drag. A semiempirical theory for estimating
forces and moments predicted trends similar to the experimental ones,
but underestimated the incraent in drag coefficient due to angle of
attack, the lift coefficient, and the pitching-moment coefficient.

INTRODUCTION

The 13nearized potential theory adequately predicts the pressure
distributions for low supersonic Mach numbers and for zero angle of
attack, but fails to predict accurately the incremental pressure
distributions and over-all forces resulting fran-’angleof attack.- The —
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body forces experienced at low supersonic Mach numbers are estimated
more successfully by the semiempiricalmethod of reference 1, which *

accounts somewhat for the viscous effects. The aerodynamic character-
istics of a slender square-%ased body of revolution at a Mach number
of 3.12 have been compared with existing theories for a range of angles
of attack and Reynolds numbers in reference 2. The investigation pre-

N

sented herein was conducted at the NACA Lewis laboratory at a Mach number 8

of 3.85 to evaluate further the existing theories and to complement the
basic aeroec data available at high Mach numbers. —.

Pressure distributions and the forces acting on a cone-cylin&r-
type body were determined experimentally and compared with linearized
potential theory and the semi.empiricaltheory of reference 1. A boundary- -
layer study was made at several axial stations to evaluate the effects
of viscosity and to provide a better correlation of experimental data.

APPARATUS AND PROCEIWRE

The investigation was made in the NACA Lewis 2- by 2-foot supersonic
tunnel, which is a nonreturn-type tunnel having a Reynolds number per
foot of 1.1X106 and a test section Mach number of 3.8~.04. A total
temperature of approximately 200° F and a specific humidity of
8.0xIo-4 pounds of water per pound of dry air or less were maintained

.

for all runs. This spec~ic humidity insured negligible condensation
effects. w

A photograph of the body is shown in figure 1 and its dimensions
and instrumentation are given in figure 2. The body used f6r the pres-
sure Ustributions was turned from steel and polished to a 16-microinch
finish. The pertinent geometric parameters of the model are given in
the following table:

—

Half-angle of cone, G, deg. . . . . ... . . . . . . . , . , . .
Bodylength,2, in.. . . . . . . . . . . . . . . . . . . . . .
Finenessratio,F. . . . . . . . . . . . . . . . . , . . . . .
Volume ofbody, V,cuin. . . . . . . . . . . . . . . . . . . .
Wetted area, ~,sqin. . . . . . . . . . . . . . . . . . . . .

-ontalarea~%’sq ‘n” “ “ ● ● “ ● “ “ “ “ “ “ “ “ “ “ “ ● ‘
Basearea, ~b, sqino . . . . . . . . . . . . . . . . . . .
Plan-fomnarea, +, sqi;. . . . . . . . . . . . . . . . . . .
Maximumbody diameter, ~,in. .. . .. . . . . . . . . . . . . .

. 4.77

. . 42

. . 12
269.39
346.20

, 9.62
. 9.62
110.25

3.50
—

.

(All symbols ‘aredefined in the appendix.) .

The static-pressure orifices were srranged in five rows and were
. located at the stations given in figure 2. The boundary-layer data for

zero angle of attack and for axial stations upstream of the base were
“
:

co “’wj~.._
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obtained with the probe pictured in figure 3(a). The data for the base
station were obtained with the rake shown in figure 3(b).

The model was supported fran its base by a
from a vertical strut mounted to the top of the
the sting with the base pressures at zero angle
by designing the sting on the basis of the data

sting etiending upstream
tunnel. Interference of
of attack was minimized
presented in reference 3.

The force model was the same as the pressure-distribution model
except that it was turned from aluminum and had a 6-microinch finish.
The model was rigidly connected to a three-component strain gage that
was attached to the sting-strut combination. Because the strain gage
was mounted internally, no aerodynamic tare corrections were necessary.

REOUCTION OF DATA JXNDMETHODS OF COMPUTATION

In the reduction of the pressure data, the free-stresm static
pressure was determinedly averaging the pressures measured by sev=al
static orifices located on the tunnel walls o~osite the tip of the
model. The increments of pressure coefficient due to angle of attack
were obtained by subtracting the values measured at zero angle of attack
from those measured at angle of attack. ● ‘ ‘-

Total-pressure measurements in the boundary layer were evaluated
using the Rankine-Hugoniot equation with the asqnnptions that the
total temperature in the flow field remained constant and that the
static pressure remained constant along radial lines through the boundary
layer. Skin-friction coefficients were calculated using the momentum
equation

where

(1)
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s distance measured along surface of body

Y distance measured normal to body surface
&

The theoretical pressure-distributioncurves were calculated from
the following expansion of the exact expression for the pressure
coefficient:

‘ %+$+($)(-g+...
The perturbation velocities associated with zero angle of attack were
computed using the numerical method of reference 4, whereas the pertur-
bation velocities associated with angle of attack were eslxlmatedusing
slender-body theory (see, for exsmple, references 1 or 5). The slender-
body theory is not expected to be valid in the vicinity of a discontinuity
of surface slope. Equation (2) is usually approximated by

()U2CPE l-—
U02

($Lh
where x is the axial perturbation velocity for zero angle of

o

attack. Comparison of equations (2) and (3) shows that the pressure
distributions given by the two relations are enough different to
warrant considering equation (2). Consequently, equations (2) and (3)
have been c~ared on the conical part of the body for three angles of
attack.

Theoretical force coefficientswere calculatedly the method of
reference 1, which accounts to some extent for the viscous effects.
The equations given in reference 1 for the force and moment coefficients
are

%“

CL =

— .—

%a2+ v Cd,c — a3
+

(4)

.

%22~+~cd,c—u
‘%

(5) m

:,
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%“2+2
()

% ‘% .2 (6)~~+qcd,c~ ~

where ~ is the centroid of the plan area, q is the ratio of the

hag coefficient of a circular cylinder of finite length to that of

5

a cylinder of
of a circular
selected from
to conditions

infinite length, and Cd,= is

cylinder per unit length. The
reference 1 are 0.70 and 1.20,
at the lower angles of attack.

the section drag coefficient
values of q and Cd,c -

respectively, and correspond

RESULTS AND DISCUSSION

The expertiental results consist of pressure distributions on the
body surface, boundary-layer surveys for sever- axial stations, and
force measuranents. These results are discussed both for zero angle of
attack and for angle of attack.

Forebody Pressure Distribution

Zero angle of attack. - The experimental variation of the pressure
coefficient with axial position on the body is presented in figure 4(a)
for zero angle of attack. Theoretical curves computed from equations (2)
and (3) sre compared with the experimental data.

The agrement between experiment and theory on the conical forebody
is poor; howev~”, the difference between experiment and theory is small
for the cylindrical afterbody. Equation (2) reduces the difference
between experiment and theory, hut not by a great amount. The exact
conical value is presented in figure 4(a) for comparison and it also
falls below the experimental values. The disagreement between the exact
conical value and the experimental values is attributed to a Reynolds
number effect of the same type as that obtained in reference 2; that is,
as the Reynolds number increases, the agreement between experiment and
theory improves considerably. It was impossible to accouritfor this
discrepancy by adding the boundsry-layer displacement thickness to the
body contour. The effect of adding the boundary-layer displacement
thickness to the body contour was to increase the conical ha~-angle by
approximately 0.09°, which increased the cone pressure coefficient to
approximately 0.025.

Angle of attack. - The axial pressure distributions along the top
and bottom of the model are presented in figure 4(b) for two angles of
attack. On the bottom of the conical forebody, the agreement between

.,,
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equation (2) and experiment is much better than the agreement given by
equation (3). Because the difference between equations (2] and (3) is
very small for the cylindrical afterbody and for the top of the conical

b

forebody (e I=1800), no comparison has been made.

The pressure-coefficientincrements due to angle of attack, as
determined from figure 4, are compared in figure 5 with equations (2)
and (3). Again, a comparison between equations (2) and (3) has not
been made for 6 = 1800 or for the cylindrical afterbody. On the
bottom surface of the conical forebody (6 = 00), the qualitative
agreement between theory and expertient appears to be good for an angle
of attack of 30 but not for an angle of attack of 10°. Actually, theory
underestimates experiment by approximately 20 percent for both angles of
attack. The agreement for 6 = 0° on the cylindrical portion of the body
is poor for both angles of attack. On the top surface of the conical
forebody (6 = 1800), experiment and theory agree very well; for the
cylindrical part of the body, the agreement is good for an angle of
attack of 3° but not for an angle of attack of 10°. The difference
between experiment and theory for an angle of attack of 10° is attributed
mainly to cross-flow separation.

Experimental pressure distributions as functions of the meridian
angle around the body are given in figure 6 for three axial stations.
From figure 6 the pressure-coefficientincrements due to angle of attack .

were obtained and plotted in figure 7. For the n-inch axial station
(fig. 7(a)) and an angle of attack of 3°, theory agrees fairly well with
expertient; however, for all other stations the agreement is poor. .

Equation (2) gives better agreement than equation (3), but there is still
a large difference between experhent and theory. On the cone and in the
vicinity of the break between the cone and the cylinder, the discrepancy
between the theoretical.and expertiental curves may be attributed to the
inadequacy of linesri.zedyotential theory; whereas further downstream on the
cylindrical section, the discrepancy may be attributed to the inability
of linearized theory to account for the effect of the viscous cross flow.

Base-Pressure Coefficients

The effect of angle of attack on the base-pressure coefficient is
presented in figure 8. The variation of the base-pressure coefficient
with angle of attack is of the same t~.e as that obtained in reference 2
for a Reynolds nuniberof 4%106; that is, the base-pressure coefficient
increases to a maxbnuu near an.angle of attack of j#.OO and then decreases
as the angle of attack is incr-sed. The broken line between the data at
an angle of attack of k3° is used to indicate that the true variation of
the pressure coefficient in this region is unknown. This behavior is

.

associated tith the movement of the transition region with increasing
angle of attack (reference 2). .
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Boundary Layer and Skin Friction

In order to complete the investigation of the component drag forces
contributing to the total drag of the body at zero angle of attack}
friction-drag coefficients were obtained frcm the experimentally deter-
mined displacanent and nmmentum thicknesses at several axial stations.
The displacaent and momentum thickness distributions are presented in
figure 9. The momentum thickness distribution shows no rapid changes
such as those associated with transition, thereby tcdicating that the
flow was completely laminar.

The experimental mean skin-friction coefficients & ~ are compared
in figure ti
an insulated
coefficients
coefficients

Equation (7)
2 percent.

with the theoretical laminar skin-friction ~~efficients for
flat plate (reference 6) and with the lsminar skin-friction
derived for a cone (reference 7). These skin-friction
based on wetted area are given respectivelyby

(7)

(8)

agrees with the numerical results of reference 8 to -thin

Although a quantitative comparison between the measured body-friction
coefficients and the flat-plate coefficients is questionable, a comparison
of the measured values and those predicted by equation (8) appears reason-
able. As figure 10 shows, the agreement between the coefficients measured
on the conical forebody and the theoretical cone coefficients is good.
The one point not in good agreement (Re = 1.90X106) was 0.25 inch upstream
of the Junction betweeh the cone and the cylinder and was probably
influencedby this bresk. The coefficients measured on the cylindrical
afterbody are lower than the theoretical cone values and approach the
flat-plate values. This is to be expected and maybe predicted since
the mean skin-friction coefficient is continuous at the break between the
cone and the cylinder. If the cylinder were provided with a hypothetical
leading edge with sufficient length to provide a friction drag equal to
that of the cone, the sti,n-friction-dragcoefficient for the cone-cylinder
combination may then be obtained by treating the cone-cylinder as an
extended cylinder. The equation obtainedby following this procedure is

%,f (cone)
G . (cone-cylinder combination)= ..,- (9)
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where xl is the length of the conical forebody.

equation (9) and the coefficientsmeasured on the
is good (fig. lo).
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The agreement between

cylindrical afterbody

The effect of pressure gradient on the skin-friction coefficients
was evaluated by ctic~ating CD,f with both terms of equation (1) and

with dust the first term. The effect of the pressure gradient is
negligible.

Force Measurements

The total-drag coefficient and the increment in drag due to angle
of attack are plot~ed in figure n(a). The increment in-drag due to

—

angle of attack is compared with the theoreticalcurve obtained by the
method of reference 1. This comparison shows that the method of refer-
ence 1 greatly underestimates the experimental values.

For zero angle of attack, a summation of the’drag components shows
the fore-pressure drag to be 34 percent, the base-pressure drag 40 percent,
and the skin-friction drag 26 percent of the total drag. Very little
difference occurred between the summation of the components and the total-
drag coefficient obtained with the force model. “

The variation of the lift coefficient with angle of attack is pre-
sented in figure n(b). The calculated variations of the lift coefficient a
obtained from l~nearized theory and reference 1 are also presented in
figure n(b). The method of reference 1 (Cd,c = 1.2) predicts the v=i-

ation more accurately than potential theory, but it still underestimates
the experimental values by more than 40 percent at the higher angles of
attack.

For the present investigation, the maximum cross-flow Reynolds number
is 55,700, which is below the critical Reynolds number for a circular
cylinder. At high angles of attack, however, the cross-flow Mach numbers
from which the ValUe of Cd,c is determined fall in a region where Cd,c

is steadily increasing from a value of 1.2 (reference 1]. The variation
of lift coefficient determinedwith a variable Cd C) corresponding to the*
cross-flow Mach numbers obtained for each angle of-attack, is given in
figure n(b)., The trend of the experimental.lift-coefficientvariation is
better approximated at the higher angles of attack by a variable Cd,c“

The variation of the pitching-moment coefficient ~th angle of attack ‘,_
is given in figure l.1.(c).A comparison of the experimental values with
those predictedby potential theory and the methodof reference 1 shows . -.

c
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that for an angle of attack of 10° the method of reference 1 underestimates
the absolute value by 31 percent and potential theory underestimates the
absolute value by 64 percent. Because the slopes of the lift curve and
the pitching-moment curve vsried in such a manner as to keep the ratio of
the two constant for all angles of attack, the position of the center of
pressure remained relatively constant (fig. n(d)). For all angles of
attack, the method of reference 1 predicted a center of pressure approxi-
mately 2 diameters upstresm of the experimental center of pressure.

SUWARY OF RESULTS

The aerodynamic characteristics of a slender cone-cylinder body of
revolution were investigated in the NACA Lewis 2- by 2-foot wind tunnel
at a Mach nuuiberof 3.85. A summary of the results follows:

1. The agreement between the experimental and theoretical pressure
distributions on the conical forebody for zero angle of attack was poor;
however, there was very little difference between experhent and theory
on the cylindrical afterbody.

2. The experimental pressure distributions due to angle of attack
on the bottom surface of the conical forebody of the model agreed well
with theory for small angles of attack.. On the top surface of the model,
experiment and theory for the conical part of the body agreed very well
with theory. For the cylindrical part of the body, the agrecxuentwas good

. only for an angle of attack of 3° and the top surface of the model, Closer
agreement between experiment and theory was obtained by adding an addi-
tional term to the series expansion for the pressure coefficient.

3. The base-pressure coefficient first increased and then decreased
as the angle of attack was increased. The maximum base-pressure coeffi-
cient was obtained at about _W.OO angle of attack.

4. The measured mean skin-frictfon coefficients on the conical fore-
bcdy agreed well with theoretical values obtained for leminar flow over
cones.

5. A separation of the measured total drag Into components at zero
angle of attack showed that the fore-pressure drag was 34 percent, the
base-pressure drag was 40 percent, and %he skin-fl?ictiondrag 26 percent
of the total drag.

6. A semiempirical theory predicted trends similar to the experi-
mental trends, but it underestimated the increment in drag coefficient a
due to angle of attack, the lift coefficient, and the pitching-moment
coefficient.

.
Lewis Flight Propulsion Laboratory

National Advisory Committee for Aeronautics

“eve-’“i”~
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APPENDIX - SYMBOLS

The following syuibolsare used in this report:

Ab base area

%
frontal area

+

%?

CD

‘D

%

cp,a

%

%

D

d

plan-form area

wetted area

drag coefficient, D/~~

increment of drag coefficient due to angle of attack

pressure coefficient, (p-PO)/~

pressure coefficient incranent due to angle of attack

lift coefficient, L/~~

pitching-moment coefficient,M/qoAF2

drag
.

—

body diemeter A

fineness ratioF

L lift force

—
z

M

body length

pitching moment

%

P

~

Re

free-stresm Mach number

static pressure

dynsmic pressure, (T/2)poMo2

Reynolds number, poUoZ/V

.

.—

“

Reynolds number based on distance from nose of body

total velocity,
~

Rex

u
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.

.

free-stream velocfty

velocity in boundary layer

volume of body

radial velocity component

axial velocity component

tangential velocity component

cylindrical coordinates

angle of attack

ratio of specific heats, 1.40

J
m

1displacement thickness, — (P1~-P@ w
Plu~

o

J
m

1momentum thickness, — pu(~-u) dy
P1U12

o

half-angle of cone

viscosity

density

perturbation-velocity potential

Eiibscripts:

o free-stremn conditions

1 conditions at edge of boundary layer

b base

f friction

m maximum

.
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-

Figure 2. - Schematicdrawingof pressure-distributionmodelwith location
of static-pressureorifices.
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(b) Rake used to obtain boundary-layerdata at baae.

Figure 3. - Probe and rake used for bouniarr-larerBurverm.
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Figure 8. - Variationofbase-pressure coefficient with
angle of attack.
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Figure 10. - Variationof mean friction-dragcoefficientwith
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Figure I-1. - VWiation of aerodynamiccharacteristics
withangleof attack.
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